no previous comparative study has reported the efficacy of DBM with hMSCs for spinal fusion in vivo. There is an added cost to products with stem cells that should be justified by improved osteogenic potential. We hypothesized that DBM with hMSCs might improve the fusion rate of spinal arthrodesis. The purpose of this study is to prospectively compare the fusion rates of 3 different commercially available DBM substances, both with and without hMSCs, in an athymic rodent spinal fusion model.
Methods
Thirty-two mature (12-week-old) athymic nude female rats were used in our study. The animals were divided into 4 experimental groups of 8 animals each. Group 1 received Trinity Evolution (DBM with stem cells; Orthofix); Group 2 received Grafton (DBM without stem cells; BioHorizons); Group 3 received DBX (DBM without stem cells; Musculoskeletal Transplant Foundation, available through Synthes); and Group 4 underwent decortication alone without the implantation of any graft material (control group). A posterolateral fusion procedure was performed, and each animal in Groups 1 to 3 was implanted with these commercially available DBM products. These DBMs were obtained in the sterile, factory-sealed packaging for use in humans. Each was obtained directly from the operating room, unopened, and ready for implantation. All products used from 1 company had the same lot number, demonstrating that the material was prepared from the same cadaver bone. All protocols used for this experiment were approved by the animal research committee at our institution.
Product information
Trinity Evolution (Group 1) is an allograft that comprises cancellous bone with viable osteogenic and osteopro genitor cells retained within the matrix and a demineralized cortical bone component. Adult MSCs are multipotential and capable of responding to their environment and differentiating into a variety of cells as needed.
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When implanted in patients, MSCs and osteoprogenitor cells do not stimulate an immune response. 7, 11 Trinity Evolution is processed by the Musculoskeletal Transplant Foundation, a nonprofit organization.
Grafton DBM Putty (Group 2) is derived from humanbanked bone tissue. Donors undergo serological and microbiological testing, as well as screening on the basis of their medical and social history. The allograft bone is harvested in a sterile manner, washed, sonicated, treated with antibiotics, and demineralized to contain < 0.5% calcium phosphate. It is then combined with glycerol, which results in a putty-like consistency. Grafton Putty also undergoes a validated proprietary production process that has been shown to inactivate human immunodeficiency virus-1, hepatitis B virus, hepatitis C virus, cytomegalovirus, and poliomyelitis virus. 1 Grafton Putty is packaged in a readyto-use form, and it can be molded or packed directly into a bone defect.
DBX DBM Putty (Group 3) is also derived from human-banked bone tissue. Donors undergo screening procedures as dictated by the Musculoskeletal Transplant Foundation. Allograft tissue is harvested under sterile conditions, washed, and treated with antibiotics. The tissue is then demineralized with hydrochloric acid so that the resulting bone matrix contains < 8% calcium. The demineralized bone is combined with a 4% sodium hyaluronate carrier prior to packaging. DBX is packaged in a syringe, and it can be easily measured and is injected directly into a bone defect site.
surgical Procedures For spinal Fusion
The animals were premedicated with sustained-release buprenorphine 30 minutes prior to surgery and anesthetized with 2% isoflurane administered in oxygen (1 L/ minute). This spine fusion model has been previously described. 6, 8, 13, 16 A midline incision was made in the skin, and the transverse processes of L-4 and L-5 were exposed and bilaterally decorticated with a high-speed bur. After this, 0.3 cm 3 of graft material was implanted on each side (total 0.6 cm 3 ). The appropriate DBM was implanted into the 8 animals in each of the 3 experimental groups. The control group underwent decortication alone. According to a preset schedule, all the animals were killed at 8 weeks.
radiographic analysis
Posteroanterior radiographs of the lumbar spine were taken of each animal at 2, 4, and 8 weeks after surgery using a Faxitron LX60 cabinet radiography system and evaluated in a blinded fashion by 2 independent observers. Characterization of osseous union was determined by radiographic evidence of bridging, i.e., trabecular bone between the transverse processes.
10,16

Manual testing
Eight weeks after surgery, the animals were killed and their spines were surgically removed. The explanted lumbar spines were manually tested for motion between levels by 2 independent observers who were blinded to the treatments. Any motion detected between the facets or between the transverse processes of L-4 and L-5 by manual testing was considered a failure of fusion. The absence of motion was considered successful fusion. 10, 16 Manual palpation testing has been reported to the most sensitive and specific method for assessing fusion in this model. 
Micro-Ct
Each excised spine was analyzed by high-resolution micro-CT using a SkyScan 1172 scanner with a voxel isotropic resolution of 20 mm and an x-ray energy of 55 kVp and 181 mA in order to further assess the fusion rate and observe the fusion mass as reported. 5, 10 A total of 360 projections were acquired over an angular range of 180° with steps of 0.5° and an exposure time of 220 msec/slice. Five frames were averaged at each rotation step in order to get a better signal-to-noise ratio. A 0.5-mm aluminum filter was used to narrow down the x-ray beam frequency and minimize beam-hardening artifacts. Virtual image slices were reconstructed using cone-beam reconstruction software (version 2.6) based on the Feldkamp algorithm (SkyScan). These settings produced serial cross-sectional 1024 × 1024-pixel images. Sample reorientation and 2D visu-alization were performed using DataViewer (SkyScan). Fusion was defined as the unilateral presence of bridging bone between the L-4 and L-5 transverse processes. The reconstructed images were judged to be fused or not fused by 2 experienced independent observers.
statistical analysis
Data from radiography, manual testing, and micro-CT were analyzed using the Fisher exact test since all such comparisons were between 2 independent groups of rats. Statistical analyses were performed using SPSS (version 20; SPSS) computer software. A p value < 0.05 was considered significant for any one comparison.
results
The results of the fusion rates, as determined on radiographs at 2, 4, and 8 weeks, are presented in Table 1 . Trinity Evolution DBM had a higher fusion rate than the other DBM products at any time point. The fusion rates gradually increased over time in all DBM products. The control group had a 0% fusion rate.
Fusion rates at 8 weeks, as determined on radiography, manual testing, and micro-CT, are shown in Table 2 . The fusion rates at 8 weeks on radiography for Trinity Evolution, Grafton, and DBX were 8 of 8 rats, 3 of 8 rats, and 5 of 8 rats, respectively. A significant difference was found between Trinity Evolution and Grafton (p = 0.01). The fusion rates determined by micro-CT were similar to those by manual palpation testing. The overall fusion rates, as determined by micro-CT and manual palpation testing for Trinity Evolution, Grafton, and DBX were 4 of 8 rats, 3 of 8 rats, and 3 of 8 rats, respectively. The Trinity Evolution substance had the highest overall fusion rate; however, no significant difference was found between groups. In terms of the method of analysis, there is a significant difference between radiographs at 8 weeks (8 of 8 rats) and micro-CT (4 of 8 rats) for Trinity Evolution (p = 0.03), indicating that we overestimated fusion on radiography (Fig. 1) .
Discussion
Human MSC with biomaterials was reported to have a certain potential for spinal fusion. Barbanti Brodano et al. 4 demonstrated the benefits of hMSCs and biomaterial synergy for facilitating spinal fusion in vitro. The efficacy of hMSCs in vivo, however, has not been thoroughly demonstrated. We demonstrated that DBM with hMSCs had a higher rate of spinal fusion than other DBM products without hMSCs; however, no significant difference was found between the groups by either manual testing or micro-CT.
Several previous reports have explored the fusion rates of commercially available DBM without hMSCs. Peterson et al. 13 compared 3 commercially available DBM products and found that Grafton Putty resulted in a higher fusion rate than DBX putty, and that Allomatrix Injectable Putty (Wright Medical Technology) failed to promote fusion. Similarly, Wang et al. 16 compared the osteoinductive potential of 3 DBM products (Osteofil [Regeneration Technologies], Grafton, and Dynagraft [GenSci OrthoBiologics]) and rodent autologous iliac crest bone graft in an athymic rat model of posterolateral fusion and found that Dynagraft did not produce fusion at any time point. Lee et al. 8 compared 8 different commercially available DBM products in athymic rats and found that Osteofil Paste and Grafton putty demonstrated the highest fusion rates, and Allomatrix demonstrated the lowest. Our results were similar to previous reports; however, commercially available DBM products exhibit significant variability in fusion performance that is secondary to differences in carrier media and processing.
Several limitations to this study must be acknowledged. Variability in DBM products has been reported in terms of both BMP concentrations and the in vivo rates of fusion. 3 This variability may affect the comparison of fusion rates among those DBM products. In addition, although we could not find any significance in terms of the fusion rate in this sample size, a larger number of rats in each group should be further evaluated to increase the power of this study. Also, although we could not find any significant difference because of the respective DBM substrates that were tested, it is difficult to assess the contribution of hMSCs alone to fusion. Human cells were implanted into the rats in this study; however, hMSCs may not differentiate in a rat model, even after accounting for athymic rats. Xenotransplantation may affect the bioactivity of hMSCs.
The reason why Trinity Evolution seemed to result in a higher rate of fusion on radiography appears to be its radiopacity. The radiographic progression of the groups is shown in Fig. 2 . Unlike Grafton or DBX, the radiographs for Trinity Evolution at postoperative Week 2 showed a fusion-like appearance. At this time point, it is unlikely that this was indicative of actual fusion; more likely, this composition of the material is opaque enough on radiography to be misjudged as fusion. Thus, detailed evaluation using CT scanning is necessary to judge actual fusion.
Conclusions
We demonstrated the efficacy of 3 DBM substances; however, there was no advantage of adding hMSCs, which is more expensive. When we evaluate spinal fusion using DBM substance, CT analysis is necessary in order to not overestimate fusion.
references Fig. 2 . Radiographs of Trinity, Grafton, and DBX at 2 weeks after surgery (a, b, and C, respectively) and 8 weeks after surgery (D, e, and F, respectively). The radiographs of the Trinity Evolution Group at even 2 weeks after surgery (A) showed a fusion-like appearance.
